Abstract: A MEMS bulk wave acoustic bandgap has been designed and experimentally verified. The acoustic bandgaps are realized by including tungsten (W) scatterers in a SiO 2 matrix. Wide frequency ranges where acoustic waves are forbidden to exist are formed due to the large density and acoustic impedance mismatch between W and SiO 2 . The acoustic bandgap structures are fabricated in a 7-mask process that features integrated aluminum nitride piezoelectric couplers. Acoustic bandgaps in a square lattice have been measured at 33 and 67 MHz with up to 35 dB of acoustic rejection and bandwidths exceeding 35% of the midgap.
INTRODUCTION
Acoustic bandgap (ABG) is the acoustic wave equivalent of photonic bandgap (PBG), where a range of acoustic frequencies are forbidden to exist in a structured material. ABGs are realized by including periodic scatterers in a matrix that propagates an acoustic wave. Micro-ABGs are useful for acoustic isolation of devices such as RF resonators and gyroscopes. The bandwidth of an ABG isolator, ∆ω, can exceed 0.5ω g [1] , where ω g is the center frequency of the ABG. This wide bandwidth distinguishes ABG acoustic isolators from previously developed one-dimensional quarter-wave acoustic reflectors. Furthermore, by strategically locating defects in the ABG through removal or distortion of the scatterers, microacoustic waveguides, focusing, and high-Q cavities can be realized. These devices have applications in communications, ultrasound, and non-destructive testing.
Most of the prior ABG work has been limited to large, hand-assembled structures at frequencies below 1 MHz, where the ABG matrix material was either water or epoxy [2] . Investigation of higher frequency ABGs in solid, low-loss materials has recently been reported for surface acoustic waves (SAW) where ABGs have been demonstrated at 200 MHz by etching air hole scatterers in lithium niobate [3] and Si [4] .
MEMS bulk acoustic wave (BAW) ABGs, however, have yet to be reported and have several significant advantages over SAW approaches. Most importantly, BAW devices can be placed in vacuum and isolated from the substrate, completely confining the acoustic energy inside a two-dimensional ABG. In SAW devices, energy can leak into the substrate or air introducing loss in cavities and waveguides. Other advantages of the BAW ABGs reported here are small size and post-CMOS integration.
DEVICE STRUCUTRE AND OPERATION
A 67 MHz microfabricated BAW square lattice ABG is pictured in Fig. 1 below. Acoustic energy is coupled into and out of the device in the form of longitudinal acoustic waves using aluminum nitride (AlN) piezoelectric couplers. The couplers are tapered on the end to provide wide drive and sense bandwidths. Acoustic frequencies inside the gap cannot propagate between the two AlN couplers which is measured as a drop in transmission (S21) when compared to the device in Fig. 2 which has no gap. An SEM image of the 67 MHz BAW ABG is shown in Fig. 3 .
ACOUSTIC BANDGAP DESIGN
To produce an acoustic bandgap spanning a wide frequency range with large acoustic isolation several important criteria should be considered.
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First, a cermet topology of unconnected highdensity inclusions in a low-density matrix material with as high a density contrast as possible between the inclusions and the matrix should be used [5] . Using a cermet topology to achieve wide gaps is opposite to photonic crystals where a network topology (the W is connected) is preferred [5] . The second important criterion is that the inclusions and the matrix should have as high an acoustic impedance mismatch as possible [1] , preferably with the inclusions having high acoustic impedance. The acoustic impedance of a material is
where c m is the acoustic velocity and ρ m is the density. Etching hole inclusions in a solid matrix [3] [4] creates low-density, low-impedance scatterers in a high-density, high-impedance matrix. This results in narrower bandgaps and lower isolation than placing a dense scatterer in the same matrix material. Finally, the volume filling fraction (r/a in Fig. 1 ) of the high-density, high-impedance inclusions should be approximately 0.3 [1] . Too low a filling fraction allows transmission through the matrix material around the scatterers. On the other hand, if the filling fraction becomes too high, hopping between the scatterers leads to acoustic transmission.
Finite difference time domain (FDTD) simulations indicate the optimal ratio, r/a, for the ABGs reported here to be 0.32. Other material considerations include material damping and silicon CMOS compatibility.
Tungsten is an excellent choice for the scattering inclusion because of its high mass density, 19,300 kg/m 3 , and high acoustic impedance, 89 MΩ. Tungsten also has low material damping (Q > 10 5 at 273 K [6] ) and is
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widely used in CMOS contact structures. The choice of a matrix material requires more consideration. Table 1 summarizes the acoustic properties of potential matrix materials. Polymers such as SU-8 will achieve very high mass density and acoustic impedance mismatch with W. The material damping, however, is high and the acoustic velocity is low, resulting in smaller structures that are more difficult to fabricate for a given frequency. Alternatively, a material such as Si, either single crystal or polycrystalline, can be used. Quality factors exceeding 10 5 have been achieved in microfabricated Si resonators and the acoustic velocity is high. Of low loss, high velocity MEMS materials, SiO 2 has the largest density and impedance mismatch with W and has been chosen for this work to achieve the widest possible gaps. 
FABRICATION
The µABG fabrication process shown in Fig. 4 begins (a) with an oxide deposition (0.6 µm) and deposition of a 2 µm undoped polySi release layer. Next a 0.4 µm Al bottom interconnect layer is sputter deposited and patterned. This Al also serves to protect the bottom of the W inclusions during release. The ABG matrix is formed through the deposition of 4 µm of oxide which is subsequently polished to remove the topography created by the Al. (b) Trenches in the oxide are etched followed by the conformal deposition of 1.2 µm of W which forms contacts to the bottom electrode of the AlN couplers and part of the high density W inclusions. The W layer is polished until it remains only where the trenches were 6 . Using a thin polySi release layer, as opposed to the Si substrate, prevents etch loading during release and allows large structures to be released through small holes. The process is 7 levels and is post-CMOS compatible provided the Si release layer is deposited at low temperature.
EXPERIMENTAL RESULTS
The µABG device pictured in Fig. 1 has been tested along with the SiO 2 matrix material in Fig. 2 . Both devices were tested on a probe station in air using a network analyzer, where the output of the network analyzer was used to launch an acoustic wave into the device via an AlN electro-acoustic coupler. On the opposite side of the device, acoustic waves are detected using the other AlN coupler and fed into the sense input of the network analyzer. The measured transmission (S21) for the 67 MHz µABG device, the matrix, and the electrical feed through between two unrelated pads is shown in Fig. 5. Fig. 6 shows the normalized transmission for the µABG device in Fig. 1 , which is derived by dividing the 2D1.3
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CONCLUSIONS
Microfabricated bulk wave acoustic bandgap devices have been designed and characterized. Square lattice µABGs are realized by fabricating high-impedance, high-density W inclusions in a low-density, low-acoustic impedance SiO 2 matrix. Integrated AlN piezoelectric couplers are used to launch and detect longitudinal acoustic waves and characterize the gap. These couplers have been slanted to provide a wide bandwidth response appropriate for capturing the behavior of the bandgap. Micro-ABGs have been fabricated with lattice constants of 45 µm and 90 µm corresponding to gaps at 67 MHz and 33 MHz. These ABGs have been experimentally characterized and have a maximum acoustic attenuation greater than 30 dB. Gap widths as large as a third of the gap center frequency have been measured. Subsequent work will include the realization of µABG based devices such as high-Q cavities, waveguides, and filters.
